Two series of Nb-Si-C thin films of different composition have been deposited using DC magnetron sputtering. In the first series the carbon content was kept at about 55 at.% while the Si/Nb ratio was varied and in the second series the C/Nb ratio was varied instead while the Si content was kept at about 45 at.%. The microstructure is strongly dependent on Si content and Nb-Si-C films containing more than 25 at.% Si exhibit an amorphous structure as determined by X-ray diffraction. Transmission electron microscopy, however, induces crystallisation during analysis, thus obstructing a more detailed analysis of the amorphous structure. X-ray photo-electron spectroscopy suggests that the amorphous films consist of a mixture of chemical bonds such as Nb-Si, Nb-C, and Si-C. The addition of Si results in a hardness decrease from 22 GPa for the binary Nb-C film to 18 -19 GPa for the Si-containing films, while film resistivity increases from 211 μΩcm to 3215 μΩcm. Comparison with recently published results on DC magnetron sputtered Zr-Si-C films, deposited in the same system using the same Arplasma pressure, bias, and a slightly lower substrate temperature (300°C instead of 350°C), shows that hardness is primarily dependent on the amount of Si-C bonds rather than type of transition metal. The reduced elastic modulus on the other hand shows a dependency on the type of transition metal for the films. These trends for the mechanical properties suggest that high wear resistant (high H/E and H 3 /E 2 ratio) Me-Si-C films can be achieved by appropriate choice of film composition and transition metal.
Introduction
Ternary Me-Si-C (Me = early transition metal) thin films have, due to their multi-functional properties, been studied for a number of different applications such as protective coatings [1] [2] [3] [4] , electrical contacts [5] , solar cells [6] , and thermal printing heads [7] . The work on Me-Si-C thin films deposited by magnetron sputtering at low to moderate temperatures (25 -650°C) reports microstructures ranging from nanocomposites, with nanometer sized carbide grains (nc-MeC) dispersed in an amorphous matrix of C or SiC (a-C/a-SiC) [1, 2, 4, 5, 8] , to a completely amorphous structure [7, [9] [10] [11] [12] . A general observation is that the microstructure is strongly correlated to the Si content of the Me-Si-C thin films. Typically, higher Si concentrations lead to a reduction in carbide grain size and in many systems to X-ray amorphous films [4, [9] [10] [11] . Typically, Ti-Si-C films exhibit a nanocrystalline, nc-TiC/a-SiC microstructure, with nano-sized TiC grains in an amorphous SiC matrix [1, 2, 5] . An increase in Si content reduces the size of the TiC grains but X-ray amorphous films are usually not observed for films deposited at ambient temperature to 650°C. An exception is a report of amorphous structures formed in very thick (35 μm) Ti-Si-C films deposited on water cooled substrates by Naka et al. [12] . In contrast, completely X-ray amorphous films have been observed in the Zr-Si-C, Cr-Si-C, Mo-Si-C, Ta-Si-C and W-Si-C systems deposited at substrate temperatures of 25 -350°C (see e.g. refs [3, 4, 7, 10] ). With the exception of the Zr-Si-C system, no systematic studies of the influence of the Si content on the microstructure have been carried out but a general observation is that high concentrations of Si leads to a reduced crystallinity also in these systems [8, 10] .
Recent studies of magnetron sputtered Zr-Si-C films have clearly demonstrated that films with Si concentrations above 15 at.% are completely amorphous (deposition temperature 350°C) [9] . Based on results from theoretical modelling combined with experimental studies using X-ray diffraction (XRD), transmission electron microscopy (TEM) and extended X-ray absorption fine structure spectroscopy, it was shown that the amorphous Zr-Si-C films have a structure which can be described as a random network of Zr-Zr, Zr-Si, Zr-C, Si-C and C-C bonds. This distribution give rise to broader features in the X-ray photoelectron spectroscopy (XPS) spectra with intensities dependent on the total composition. An important observation was also that the mechanical properties (i.e. hardness and Young's modulus) were directly dependent on the relative amount of strong Si-C bonds in the amorphous structure [9, 11] .
The aim of this investigation is to study microstructure and properties of magnetron sputtered Nb-Si-C films deposited under similar conditions as the Zr-Si-C films in refs. [9, 11] . Sputtered films in this system have not yet been studied but it is likely that amorphous films can also be deposited. Critical Si concentrations for amorphous growth will be determined and compared with Zr-Si-C. Both XRD and TEM will be applied to determine the structure of the films. An important aim of this study is to investigate the chemical bond distribution in the amorphous films with XPS and to correlate the mechanical properties to chemical bonding in the film. Finally, the influence of the metal on the properties in amorphous Me-Si-C films will be discussed based on comparison between Zr and Nb.
Experimental details
Nb-Si-C thin films were deposited in an ultra-high vacuum chamber (base pressure of 10 −7 Pa) by nonreactive unbalanced DC-magnetron sputtering from three separate two inch targets supplied by Kurt J Lesker Ltd (Nb 99.95% pure, Si 99.999% pure and C 99.999% pure). The magnetrons were directed towards a rotating substrate holder at a distance of 15 cm. The Ar-plasma was generated at a constant pressure of 0.4 Pa (3.0 mTorr) and with an Ar gas flow of 45 sccm. The substrates were biased to −50 V. The film composition was varied through tuning of the Nb-magnetron current from 15 mA to 120 mA and Si-magnetron current from 15 mA to 120 mA. The current to the C-magnetron was kept constant at 300 mA through all depositions. Two series of films with different compositions were deposited, see Fig. 1 and Table 1 . The carbon content in series S1 was kept constant at about 55 at.% while the Si content was varied from 0 to 39 at.%. For series S2, the Si content was kept constant at 40-45 at.%, while the C content varied from 17 to 51 at.%. All the films have a thickness of about 0.5 μm. The Nb-Si-C films will be compared to Zr-Si-C films studied in refs. [9] and [11] deposited using the same sputtering system and sputtering parameters as described above, except for a slightly higher substrate temperature of 350°C (from here on denoted as similar conditions). The thin films were deposited on to single-crystal Si(001) (10 × 10 mm 2 ) substrates. The substrates were kept at a constant temperature of 300°C by a heater wire integrated in the substrate holder. The substrates were preheated for at least 45 min and the targets were pre-sputtered for at least 10 min before deposition. A thin Nb film was deposited on to the substrates prior to the primary deposition in order to improve the adhesion of the thin films to the substrate.
The chemical composition of the thin films was determined with XPS using a Physical Systems Quantum 2000 spectrometer with monochromatic Al Kα radiation. Energy calibration was carried out with Au and Ag reference samples and sensitivity factors were used for quantitative analysis. The latter were determined from reference samples of binary and ternary compounds with compositions determined from elastic recoil detection analysis and Rutherford backscattering spectroscopy. Depth profiles of the thin films were acquired by rastered Ar + -ion sputtering over an area of 1 × 1 mm 2 with ions having energy of 1 keV.
High-resolution XPS C1s spectra were acquired after 30 min of Ar + -ion sputter etching over an area of 1 × 1 mm 2 with ions having energy of 200 eV. The XPS analysis area was set to a diameter of 200 μm in all measurements. Grazing incidence X-ray diffraction (GI-XRD) measurements were carried out on a Siemens D5000 using Cu Kα radiation and parallel beam geometry with a 2°incidence angle. Microscopy studies were carried out on selected films, using a FEI Tecnai G2 TF 20 UT field emission gun transmission electron microscopy (TEM) operated at a 200 keV acceleration voltage. The cross sectional TEM specimens were first mechanically polished to a thickness of~50 μm, followed by Ar + -ion milling, with ion energy of 5 keV. As a final step, the samples were polished using 2 keV Ar + -ions. Mechanical properties were obtained using CSM Instruments nano-indenter XP with a diamond Berkovich tip. Load-displacement curves were acquired with an indentation depth set to 50 nm, a loading rate of 5 mN/min and about 20 indents per sample. Hardness and elastic modulus values were determined by the Oliver-Pharr method [13] . The electrical resistivity of the films was acquired by the four-point-probe measurement technique using a CMT-SR2000N from Advanced Instrument Technology. Fig. 2a shows GI-XRD diffractograms from the films in series S1. The peaks can be assigned to cubic NbC (NaCl structure) with a lattice parameter of 4.47 Å, which is in agreement with values reported for bulk NbC by Kempter et al. [14] . The peaks in Fig. 2a become broader as the Si content increases in the films. This trend has been observed also in other Me-Si-C systems and can be attributed to a decrease in grain size [1, 4, 9] . Using Scherrer's formula [15] the carbide grain size can be estimated to 9 nm for the binary film without any Si and to 4 nm for the film with a Si content of 20 at.%. As the Si content increases further the NbC diffraction peaks disappear and the most Si-rich film shows only a broad feature centred at about 35°, originating from local ordering around single atoms and is consistent with an X-ray amorphous film [9] . The small peaks at~38°and~69°seen in the two Si-rich films can be assigned to the (110) and (211) crystal planes of Nb and originate from the Nb adhesion layer. In contrast, all the films in series S2 are X-ray amorphous with no indication of crystalline carbides (see Fig. 2b ). Fig. 3 displays cross-sectional TEM images, taken at low and high magnifications, of three films in series S1 containing 0, 20, and 39 at.% Si, respectively. The binary film without any Si shows a typical nanocomposite microstructure with carbide grains embedded in a matrix of an amorphous phase. As Si is introduced into the film the carbide grains are reduced in size from~10 nm to~4 nm, which is in agreement with the sizes calculated from the GI-XRD diffractograms. Furthermore, the amount of amorphous phase is increased and encapsulates the carbide grains at higher Si contents (see Fig. 3b ). The reduction in crystallinity at high Si contents can also be seen by comparing the selected area electron diffraction (SAED) patterns (see insets in Fig. 3 ). The NbC SAED pattern from the film having a Si content of 20 at.% is more blurry than the corresponding SAED pattern for the binary film. As the Si content is increased further it is no longer possible to identify any carbide grains from the SAED pattern. However, some clusters of ordered arrangement can be observed in the image. As can be seen in the low magnification images a transition from a more distinct columnar structure ( Fig. 3a and b ) to a more homogenous structure (Fig. 3c ) occurs as the amorphous structure is formed. Fig. 3d shows crosssectional TEM images of the Nb-richest film from series S2. The amorphous structure indicated by GI-XRD (see Fig. 2b ) is confirmed from the TEM image and corresponding SAED pattern also for this film.
Results

Microstructure and chemical bonding
The above high-resolution-TEM result for the sample in Fig. 3c is in apparent contradiction with the XRD observations in Fig. 2 . It suggests that we may have a nanocomposite structure of nano-sized carbide grains in an amorphous matrix also at higher Si concentrations. However, a more detailed study of the samples with TEM indicated a time-dependence in the observed microstructure. This can be seen in Fig. 4 of the X-ray amorphous film from series S1 richest in Si. The image in Fig. 4a was obtained instantly by moving the electron beam to an unexposed area while the image in Fig. 4b was obtained after exposure to an electron dose of 2.8*10 9 e/nm 2 at the same sample spot. The image obtained without electron beam exposure is clearly completely amorphous, while an electron dose of 2.8*10 9 e/nm 2 yields clusters with ordered atomic arrangements a few nanometers in size.
The formation of crystallites is also clearly seen in the SAED inset. Consequently, it can be concluded that the electron beam induces crystallization in the films. This effect has been investigated more in detail in Ref. [16] . A systematic study of electron-beam-induced crystallization has not been carried out on all the X-ray amorphous films in series S2, but the ones analysed (the film richest in Nb and the film richest in C) are both electron and X-ray amorphous, as we conclude that they all can be described as amorphous. XPS C1s spectra from series S1 are presented in Fig. 5a . The spectrum for the binary Nb-C film shows two features; a peak at 282.8 eV assigned to C bonded to Nb (C-Nb) [17] and a peak at 284.5 eV assigned to C bonded to C (C-C) in an amorphous carbon phase [18] . When Si is added to the films, a shoulder is formed towards higher binding energies, which can be attributed to the formation of C-Si bonds (at about 283.3 eV) [19] . The contribution from the C-Si bonds and thereby the intensity of the shoulder is proportional to the Si content. Fig. 6a shows the Si2p peak from the S1 series with constant carbon content but increasing Si concentration. As can be seen, all the S1 Si2p peaks are centred at about 100.1 eV showing that Si form mainly Si-C bonds suggesting that these bonds are more favourable compared to Nb-Si a) b) Fig. 2 . GI-XRD patterns from the different a) S1 and b) S2 series of films. Note that the uppermost diffractograms in a) (39 at.% Si) and b) (51 at.% C) are from the same sample. or Si-Si bonds [19] . A peak at about 102 eV is seen in the Si2p spectra in Fig. 6a originating from Si-O bonds caused by a small oxygen contamination of the films (b 2 at.%). As the Si content is increased in the films a slight shift is seen in the Nb3d 5/2 spectra, from about 203.7 eV for the binary film to about 203.4 eV for the ternary film (not shown). This shift can be explained by a difference in the nearest atomic surroundings for the Nb atoms comparing the nc-NbC/a-C film to the amorphous Nb-Si-C films. Fig. 5b shows C1 spectra from the films in series S2. In this case, the Si content is at about 45% while the C/Nb ratio is increased. At low C contents only C-C and C-Nb peaks can be observed. With increasing carbon content, however, the contribution from the C-Si peak will increase suggesting an increase in the relative amount of CSi bonds. The formation of C-Si bonds is clearly seen in Fig. 6b showing the Si2p peak from the S2 series with a constant Si content but with different C concentrations. The most Nb-rich film has a peak centred at about 99.1 eV indicating that Si is mainly bonded to Nb. This peak becomes broader and shifts towards higher binding energies as the C content is increased. The most C-rich film has a peak centred at about 100.1 eV indicating that most of the Si now is bonded as Si-C, although literature usually reports a slightly higher binding energy for Si-C bonds in a pure SiC crystal (100.4 eV) [19] . The formation of primarily Si-Nb bonds in the Nb-rich film was also evident from the Nb3d 5/2 spectra (not shown). As the Nb content is decreased in the films a shift from about 202.9 eV (Nb-Si) to 203.4 eV (Nb-C) was seen in the Nb3d 5/2 spectra. A weak signal from Si-O bonds at about 102 eV is also seen in the Si2p spectra in Fig. 6b indicating a small oxygen contamination of the S2 (b 2 at.%).
In summary, the results show that all the amorphous films exhibit a wide range of C-C, C-Si, C-Nb, Si-Nb and presumably Nb-Nb bonds. The relative distribution of these bonding states was also found to be dependent on the film composition. A general observation is that an increase in Si or C contents preferably leads to the formation of Si-C bonds and not Nb-C or C-C bonds. If we assume that carbon can form three types of bonds: Si-C, Nb-C and C-C, it is possible to estimate the % Si-C bonds by calculating the relative area of the Si-C peak contribution to the total C1s peak. These values, as well as the amount of C-C and Nb-C bonds have been summarized in Table 1 . As will be demonstrated below, the mechanical properties of the amorphous Nb-Si-C films can be directly correlated to the % Si-C bonds in the structure.
Thin film properties
The addition of Si to the films in series S1 has only a small effect on hardness. The binary Nb-C film has a hardness of 22 GPa, while the Si-containing films have a hardness of 18-19 GPa. The Si has a similar effect on the reduced elastic modulus of the S1 films with a reduction from 230 GPa for the binary Nb-C film to 210 -220 GPa for the ternary films. The hardness and elastic modulus for all studied films have been summarized in Table 2 . It can be seen that the addition of more C has a hardening effect on the films. The hardness increases from 12 GPa for the film with the lowest C content (17 at.%) to 19 GPa for the film containing 51 at.% C. The nanoindentation curves showed no sign of "pop-ins" frequently observed for metallic glasses, where pop-ins are indicative of deformation by shear-band formation [20] . The electrical resistivity of the films was also clearly dependent on the composition (see Table 2 ). For series S1 the electrical resistivity is significantly increasing from 211 μΩcm to 3215 μΩcm as more and more Si is incorporated into the films. The amorphous Nb-Si-C films in series S2 have resistivity values in the same regime as the films in series S1 with an increase in resistivity from 218 μΩcm to 3215 μΩcm as the carbon content is increased from 17 to 51 at.%.
Discussion
Microstructure
The binary Nb-C film clearly consists of nanocrystalline NbC with some free carbon (C-C). This suggests a nanocomposite structure, ncNbC/a-C, of nanosized NbC (nc-NbC) in an amorphous carbon matrix. This type of nanocomposite structure has been commonly observed in the literature and an overview of their structure and properties can be found in ref. [21] . The addition of Si to the nc-NbC/a-C thin films reduces the crystallinity of the films. At low Si contents (b20 at.% Si), the Si bonds to C and forms an amorphous silicon carbide phase (a-SiC) together with nanocrystalline NbC grains (nc-NbC) giving a nc-NbC/ a-SiC nanocomposite. The same type of nanocomposite structure has been observed in other magnetron sputtered Me-Si-C thin films at low Si concentrations [2, 5, [8] [9] [10] . As the Si content is increased further (N25 at.% Si), completely amorphous Nb-Si-C films start to form. The amorphous structure is observed in all series S2 films containing 45 at.% Si, independent on the metal content. The formation of such amorphous structures is in agreement with other studies on Me-Si-C thin films deposited by magnetron sputtering at moderate temperatures (≤300°C) [3, 4, [9] [10] [11] . In the literature, the crystallinity of MeSi-C films has been determined by XRD and/or TEM. In some cases, small nanocrystallites have been observed in TEM although the films are X-ray amorphous [4, 22] . Our results in Fig. 4 clearly show that crystallinity can be induced by the electron beam in the TEM analysis. This is an artefact and must be considered when TEM is used to determine the presence of nanocrystallites in this type of materials. This effect is studied in more detail in ref. [16] .
The ternary films with a Si content N 25 at.% are obviously amorphous. The XPS analysis shows a distribution of different bonds in the amorphous films. This includes C-C, Si-C, Nb-C, Nb-Si. As the total composition of the films is changed, the relative distribution of these bonds also changes. Kádas et al. [11] recently showed that amorphous Zr-Si-C films deposited under similar conditions can be described as a three-dimensional network structure consisting of different coordination polyhedra. This will give rise to many different types of bonds depending on the surrounding atoms. The network structure was confirmed by the bonding distributions acquired from XPS studies on the same Zr-Si-C films by Andersson et al. [9] . The results in our study are very similar to those obtained in refs. [9, 11] . The contribution from Si-C bonds to the total C1s XPS peak for the S2 films in Fig. 5 follows the same trend as the comparable Zr-Si-C films in the paper by Andersson et al. [9] . Furthermore, a comparison of the Si2p peak for the Nb-Si-C films in series S2 and similar Zr-Si-C films shows the same trend with a transition from mainly Si-Me bonds at high metal contents to mainly Si-C bonds at high carbon contents. It can therefore be concluded that a similar type of bond distribution is present in both Nb-Si-C and Zr-Si-C films. Based on the XRD, TEM and XPS results we suggest that the amorphous Nb-Si-C films in series S2 have an amorphous network structure reminding of the one described by Kádas et al. for Zr-Si-C thin films [11] . It is interesting to compare the bond distribution in the amorphous films with the expected phase composition at equilibrium. Fig. 1 shows an isothermal section of the ternary Nb-Si-C phase diagram adapted from Yaney and Joshi [23] with the total composition of the samples in series S1 and S2. As can be seen, series S2 represent compositions where the crystalline phases NbSi 2 -NbC-SiC, respectively, are expected to form at equilibrium. When the total carbon content is increased in series S2, the amount of NbSi 2 is expected to decrease and disappear completely (less Nb-Si bonds), while the amount of Si-C should increase (more Si-C bonds). It is obvious that this is the same trend as observed in the amorphous, metastable films in series S2 (Table 1 and Figs. 5-6). However, as can be seen, the amorphous films also contain C-C bonds not expected in the crystalline phases at equilibrium. For series S1, the three crystalline phases C, NbC and SiC are expected at equilibrium conditions. Therefore, with increasing Si content, the amount of SiC should increase (more Si-C bonds) while the amount of NbC is reduced (less Nb-C bonds). Also, in this case the amorphous films show a similar trend to what is expected from phase composition at equilibrium. Hence, it is obvious that the bond distribution in the amorphous films follows a trend similar to that given by thermodynamics in the crystalline phases at equilibrium.
An interesting question is the glass-forming ability in magnetron sputtered Me-Si-C thin films containing transition metals from groups a) b) Fig. 6 . XPS Si2p spectra with bond contributions fitted to the total intensity of films in a) S1 and b) S2 series. Note that the uppermost spectra in a) (39 at.% Si) and b) (51 at.% C) are from the same sample. 22  230  211  S1_B  18  210  869  S1_C  19  220  1321  S2_A  12  130  218  S2_B  17  190  543  S2_C  18  210  1814  S2_D  19  210  3215 4 to 6. Although systematic data is missing and electron-beam-induced crystallization adds further complexity, a few general trends can be observed. It is obvious that the glass-forming ability increases going from Ti-Si-C to Cr-Si-C since no reports of crystalline structures seem to be present in the latter system [3] . This follows the same trend as for the binary Ti-C and Cr-C systems where nanocrystalline structures mainly are observed with Ti, while chromium carbides have a higher tendency to form amorphous structures. The higher glass forming ability for Cr compared to Ti can probably be explained by the more complex crystalline structures for the chromium carbides (e.g. Cr 23 C 6 and Cr 7 C 3 ) compared to the simple NaCl-type structure in TiC [21] . When comparing the microstructures of magnetron sputtered Me-Si-C films containing transition metals from periods 4, 5, and 6, amorphous structures are reported for Zr-Si-C [11] , Ta-Si-C [7] , Ti-Si-C [12] , and W-Si-C [3, 10] films, while Hf-Si-C and Mo-Si-C films exhibit a nanocomposite structure for some compositions [4, 8] . As demonstrated in Fig. 4 , however, the observation of nanocrystallites can be due to electron beaminduced crystallization and additional studies are required to confirm any trends. It is difficult to explain the increased tendency in the formation of amorphous films when going from Ti to Nb and Zr but the size difference between C, Si and Me can be a critical factor. There are many theories for glass-formation and several of them emphasize the importance of a large difference in atomic radius between the atoms (chap. 8 in ref. [24] ). Zr has a larger atomic radius than Nb (1.59 Å for Zr compared to 1.43 Å for Nb [25] ), and should therefore more easily form amorphous films. This can explain our observation that a larger amount of Si (N25 at.%) is required to form amorphous Nb-Si-C films compared to Zr-Si-C films (N15 at.% Si) deposited under similar conditions [9] . Furthermore, it was observed in studies of electron beam induced crystallization during TEM that a higher electron dose is required to induce crystallization in the Zr-Si-C system (~2. 
Properties
Magnetron sputtered binary Nb-C films can be described as nanocomposites, nc-NbC/a-C, with nanocrystalline (nc) NbC grains in an amorphous carbon (a-C) matrix. We have in a recent study showed that the properties of these films show large similarities but also differences compared to magnetron-sputtered nc-TiC/a-C films [17] . The addition of small amounts of Si reduces the NbC grain size and forms an a-SiC phase that surrounds the carbide grains, which allows the carbide grains to rotate and slide in a larger extent compared to a binary nc-MeC/a-C film (compare Fig. 3a and b) , the same trend has been seen for Ti-Si-C films [5] . This results in a softening in similar way as seen for binary nc-MeC/a-C films when the amount of a-C phase increases [17, 26] . As the Si content is further increased in the S1 series the amount of Nb in the films is reduced. This leads to less NbC and a thicker matrix and finally the formation of amorphous films.
As discussed above, the bond distribution in the amorphous film is dependent on the total composition and follows a trend seen in crystalline equilibrium phases. Andersson et al. have recently demonstrated that the %Si-C bonds are an important parameter determining the properties of amorphous Zr-Si-C films deposited in the same sputter system under similar conditions [9] . As can be seen in Fig. 7 , this correlation also exists for our Nb-Si-C films (included are also the hardness values for the Zr-Si-C films from Andersson et al. [9] ). The two material systems follow the same hardness dependence as a function of the relative amount of C-Si bonds. This observation suggests that the plastic deformation is primarily dependent on the formation of strong C-Si bonds rather than the type of transition metal in this type of amorphous films.
The reduced elastic modulus as a function of the amount of C-Si is plotted in Fig. 8 for the Nb-Si-C films in our study as well as for the Zr-Si-C films in ref. [9] . In contrast to the hardness behaviour, a difference is here seen between the two types of transition metals with lower reduced elastic modulus of about 200 GPa for the Nb-Si-C films compared to almost 300 GPa for some of the Zr-Si-C films. The elasticity modulus is correlated to the stretching of bonds and proportional to the average bond strength. For the transition metals, it is well-known that the Me-C bond strength is reduced from group 4 to group 6 within a period. This can also be seen by comparing the enthalpy of formation for the transition metal carbides [27] . Consequently, the Nb-C bond is expected to be weaker than the Zr-C bond. At a given amount of Si-C bonds in the amorphous structure, this should lead to a lower average bond strength in the Nb-Si-C films and hence a lower elastic modulus in agreement with the observation in Fig. 8 to plastic deformation respectively suggesting that the wear resistance is strongly dependent on the metal for these types of amorphous Me-Si-C films [28] . The reduction in crystallinity and the amorphization of the Nb-Si-C thin films in series S1 has a strong effect on the electrical resistivity. As Si is added to the films in series S1, the conducting carbide grains are reduced in size and simultaneously the amount of amorphous phase Fig. 7 . Hardness of the Nb-Si-C films as a function of the amount of C-Si bonds. Data from DC magnetron sputtered Zr-Si-C films are included as a reference [9] . The relative amount (%) of C-Si was determined from the C1s XPS spectra and normalized to the sum of C-C, CNb and C-Si. Fig. 8 . Reduced elastic modulus of the Nb-Si-C films as a function of the amount of C-Si bonds. The relative amount (%) of C-Si was determined from the C1s XPS spectra and normalized to the sum of C-C, C-Nb and C-Si. Data from DC magnetron sputtered Zr-Si-C films are included as a reference [9] . The relative amount (%) of C-Si was determined from the C1s XPS spectra and normalized to the sum of C-C, C-Nb and C-Si.
(a-SiC) with a high resistivity is increased. For the amorphous films in series S2, it is clear that the resistivity is dependent on the chemical bonding. As the C/Nb ratio increases in series S2 the bond distribution will change with less Nb-Si and Nb-C bonds and more Si-C and C-C bonds. Consequently, it can be argued that the resistivity should be inversely dependent on the Nb content. As can be seen in Fig. 9 this is also observed for the ternary films in Table 2 . The film with the lowest Nb content has a resistivity above 3000μΩcm while the most Nb-rich films have a resistivity below 250μΩcm. A similar trend was observed for the Zr-Si-C films in ref. [9] .
Conclusions
Nb-Si-C thin films have been deposited by non-reactive DC magnetron sputtering. The microstructure of the films is strongly dependent on the Si content and a transition from a nc-NbC/a-SiC structure to an X-ray amorphous structure is observed as the Si content reaches above 25 at.%. The TEM electron beam induces crystallisation of the amorphous phase during analysis, which makes it difficult to use this method for determination of microstructure. The XRD and TEM results together with the analysis of chemical bonding with XPS suggest a structure of the Nb-Si-C films similar to the amorphous network structure described by Kádas et al. for Zr-Si-C films [11] . A higher amount of Si is required to form an amorphous structure in the Nb-Si-C films in comparison to Zr-Si-C films (N25 at.% for Nb-Si-C and N15 at.% for Zr-Si-C) indicating a higher glass forming ability for Zr. The reduction in crystallinity caused by the increase of Si content in the films results in softer films exhibiting higher resistivity. The more Si-rich (40 -45 at.% for series S2) amorphous Nb-Si-C films show a clear increase in hardness with the increase of Si-C bonds in the structure. Comparison with Zr-Si-C films shows that the hardness is primarily dependent on the amount of Si-C bonds rather than type of transition metal used. On the other hand, the reduced elastic modulus shows a dependency with the type of transition metal with a lower reduced elastic modulus for the Nb-Si-C films in comparison to Zr-Si-C films [9] . These trends for the mechanical properties suggest that highly wear-resistant (high H/E and H 3 /E 2 ratio) Me-Si-C films can be achieved by appropriate choice of composition and transition metal.
